The flow behaviour of colloidal dispersions is largely influenced by the interactions between the dispersed particles. We studied the influence of either natural or synthetic polyelectrolytes solutions on flow patterns within colloidal clay dispersion. For this purpose, highly diluted aqueous polymer solutions were intruded into a radial Hele-Shaw cell filled with montmorillonite dispersions. The developing flow patterns were recorded with a high resolution digital camera. The morphological parameters: fractal dimension, total number of branching, branching density of the patterns, compactness and form were obtained by digital image analysis. The results show that the patterns are largely affected by the different polymers. 
INTRODUCTION
Starting in the late fifties, polymeric substances have been used as soil conditioners or soil amendments. Natural as well as synthetic high molecular compounds have been applied for these purposes. These compounds act two fold: (i) the infiltration rate of water is increased and (ii) soil erosion and soil slacking is reduced. The reason for this activity is, that due to sorption of the polymers flocculation of the clay particles takes place which leads to large aggregates and to a reduced mobility of the clay particles. However, it can be observed that the selection of the polymers and of their application is done mainly on an empirical basis, i.e., under field trial conditions [1] .
The goal of our investigation was to visualize, on a macroscopic scale, the result of the interactions of the clay particles with the different polymeric substances used in agriculture. We took clay, because these colloidal particles are the most reactive minerals in soils. The results represented here, are part of a broader study on the reactions of polymers with clay dispersions. Aqueous solutions of different types of polyacrylamides (PAM), and a polysaccaride (Gum Xanthan) were chosen for the experiments because these polymers have already been used in the field [e.g. 2] .
In a laboratory study, we wanted to quantify the differences in penetration behaviour of polymer solutions into a clay dispersion by using digital image analysis. Therefore we used an experimental set-up, based on a Hele-Shaw cell. This approach is ideally suited for this purpose, as has been shown by other authors [3, 4] .
Thus the selection and the modes of application of the different polymers for soil treatment should be facilitated. This rather simple cell allows an easy visualization of the penetration behaviour of liquids into clay dispersions. Under appropriate conditions (see Materials and Methods) the so called viscous fingering takes place in this cell. The formation of these fingers has led to very interesting new developments in fluid dynamics. However, these more theoretical considerations are beyond the scope of our investigations, therefore the reader is referred to the literature [5, 6, 7] .
MATERIALS AND METHODS

MATERIALS
Six polyacrylamides were chosen which differ in their molecular mass or charge: cationic, anionic and nonionic (see Tab. 1 and Fig. 1 ). The polymers, trade name Praestol, are kindly provided by Stockhausen AG, Krefeld, Germany. The natural polysaccaride gum xanthan has a molecular weight of higher than one million and is slightly anionic (see Fig. 2 ). It is a constituent of the extracellular polymeric substances of many soil microorganisms. This natural polymer was bought by SigmaAldrich. The clay used was a sodium bentonite with 70-80% montmorillonite content and donated by Süd-Chemie AG, Moosburg, Germany.
The concentration of the clay dispersion was 6 % (w/w), the concentration of the polymer solutions was 0,01 % (w/w). All experiments were performed in a thermo constant room. In order to prevent microbial growth, all solutions were stored in a refrigerator.
METHODS
Hele-Shaw cell
As explained in the introduction, the investigations were carried out with a so called Hele-Shaw [8] ). [9] .
Figure 2 (right below): Structural formula of Gum Xanthan
cell. In this experimental set-up, the clay dispersions are located in a gap between two horizontally arranged glass plates (30 * 30 * 0.8 cm). The width of the gap is 0.14 mm. Water or polymer solutions were injected into this gap with a syringe pump (Perfusor, B. Braun AG, Melsungen, Germany) by means of a injection needle (outer diameter 1 mm, inner diameter 0.8 mm) fitted into a hole located in the centre of the upper glass plate. A sketch of our apparatus is given in Fig. 3 . The flow patterns were photographed after 10 sec of injection time with a high resolution digital camera (Olympus Camedia C-2500 L). This time was selected, because preliminary tests have shown, that after this period the patterns were ideally suited for digital image analysis. An injection rate of 12.7 mL/h was used throughout the experiments. This rate was obtained by systematic trials.
Digital image analysis
A commercially available image analysis system (KS 400, Carl Zeiss Vision GmbH, Jena, Germany) was used. The original colour images were transformed into binary images. Binary images are true black and white pictures and were the basis for all subsequent digital image analysis procedures.
In order to describe quantitatively the different flow patterns the morphometric parameters: boxcounting fractal dimension, total number of branches, density of branches (see Fig. 4 ) and in addition the compactness and form were measured.
The parameter compactness is defined as the ratio between the area of the pattern under investigation and the area of its convex hull. The parameter form is a measure of the deviation of the pattern from a circle with an identical area [10] . The range of these dimensionless parameters is between 0 and 1 whereby 1 corresponds to a totally compact structure or an ideal decreasing from cationic over anionic to nonionic [14] . In the very first moments of the injection processes a flocculation of all dispersed clay particles takes place. This leads to an accumulation of flocculated clay particles at the interface between the injection fluid and the clay dispersion. This "clay wall" is moved by the continuously injected polymer solution and thus the "wall" is put under ever increasing mechanical stress. At a distinct critical stress and thus critical injection time, this wall breaks down. This time is dependent on the polymer and is positively correlated to its flocculating capability. Furthermore the form of the break down is influenced by the polymer. Strong flocculating polymers and therefore strongly stabilizing agents lead to a destruction of the wall only at some sites, whereas with weak flocculating polymers the dam breaks down at numerous sites. When this decay has happened the solutions penetrate the dispersion. Because, due to the sorption of the clay particles this solution shows a reduced polymer content, the penetration patterns formed in this period resemble the patterns obtained with pure water. circle respectively. These digital image analysis techniques are described in more detail in DATHE et al. 2001 [11] .
RESULTS
Typical examples for the obtained flow patterns are shown in Fig. 5 . As injection fluids distilled water (Fig. 5a) , the polyacrylamide Praestol 630 BC (Fig. 5b) and the Gum Xanthan (Fig. 5c ) solutions were taken. Already visual inspection shows the great differences in size and shape of the patterns obtained by the injection of different fluids. For all injected liquids, Tab. 2 gives the mean values and the standard deviation of the morphometric parameters measured by image analysis. The values of the morphometric parameters, especially the fractal dimension are in the range presented by TAKAYASU 1990 [12] for different systems. In addition the patterns formed in the water/clay system match with the structure found by STROBEL 1993 [3] .
The use of the different types of polyacrylamides has led to different forms of patterns The natural polysaccharide Gum Xanthan leads to a rather high fractal dimension and to high numbers and density of branches. The values of the other parameters are in the range of distilled water as injection fluid. This might be due to the rather low concentration. In field studies with biopolymers it was found that much higher concentrations were necessary [13] .
In order to explain these observations we suggest the following explanation. All PAMs act as flocculants with a flocculation capability 
